Properties of the aspartate transcarbamylase of the extremly halophilic bacterium Halobacterium cutirubrum, an enzyme that needs high salt concentrations for activity and regulation, were studied in cell-free extracts. The enzyme was stable on prolonged incubation at 4 C in concentrated extracts (50 mg of protein per ml) but not in diluted extracts. Mg2+ ions and A-mercaptoethanol stabilized enzyme activity. At salt concentrations below the maximum for activity (3.5 M), the enzyme was rapidly inactivated. Carbamyl phosphate stabilized the enzyme under these conditions; aspartate had a smaller effect. The enzyme was most stable at 0 C; raising or lowering the temperature from this point increased the rate of inactivation. On exposure to lowered salt concentrations, enzyme activity was more sensitive than feedback inhibition. Hyperbolic substrate saturation curves were found for carbamyl phosphate. The Km obtained varied with the salt concentration used. With aspartate, sigmoidal curves were found when extracts were assayed immediately after preparation, buthyperbolic curves were obtained with extracts allowed to stand 1 to 2 hr. The presence of cytidine triphosphate (CTP) decreased the Vmax but did not change the Km; this is thus a V-type enzyme. Low concentrations of succinate activated the enzyme, in the presence and absence of CTP; higher concentrations did not affect its activity. CTP increased the activation energy of the enzyme in 3.5 M salt but decreased it in 2.0 M salt. At both salt concentrations, the sensitivity of the enzyme to feedback inhibition diminished with increasing temperatures. Gel chromatography suggested that the enzyme in crude extracts had a molecular weight of 160,000. Precipitating the enzyme with polyethylene glycol decreased the molecular weight to 34,000, and this activity was no longer sensitive to CTP. The presence of either substrate of the enzyme during polyethylene glycol treatment prevented dissociation of the enzyme and loss of feedback inhibition. Thus, as with other aspartate transcarbamylases, association of subunits seems to be required for regulation of activity by end product.
organism further, as an example of this intriguing class of salt-dependent proteins. In this report, we describe experiments on its subunit size and a more detailed study of its catalytic and regulatory properties.
MATERIALS AND METHODS Growth of cells and preparation of cell-free extracts. Cells were grown in the synthetic medium of Onishi et al. (14) under conditions described by Liebl et al. (9) . The cells from cultures in the early stationary phase (3) (4) (5) days) were washed in ice-cold 25% NaCl, concentrated 100-fold in 0.01 M tris(hydroxymethyl)aminomethane Tris)-hydrochloride (pH 7.4) plus 3.5 M NaCl, and pressed twice through a precooled French press. The extract was centrifuged for 20 min at 30,000 x g. The crude extracts prepared in this way had a somewhat higher feedback inhibition (85-90% in presence of 10-8 M CTP) than those described by Liebl et al. (9) which were prepared by sonic disintegration. Most experiments utilized the crude extract. In a few experiments, the enzyme was first precipitated by ammonium sulfate, as previously described (9) . For concentrating the enzyme with polyethylene glycol (PEG), the crude extract in 0.01 M Tris-hydrochloride, 3 .5 M NaCl, plus 0.001 M ,B-mercaptoethanol (pH 7.4) was cooled in ice, and cold 25% (w/v) PEG in 0.01 M Tris-hydrochloride (pH 7.4), 3.5 M NaCl, plus 0.001 M fB-mercaptoethanol was added, until the final PEG concentration was 12 .5% (w/v). After 15 min at 0 C, the precipitate was collected after centrifuging at 10,000 x g for 15 min and then dissolved in a small amount of 0.01 MTris-hydrochloride (pH 7.4), 3 Enzyme inactivation at reduced salt concentrations. To measure enzyme inactivation, the enzyme was diluted with 0.01 M Tris buffer (pH 7.4) containing suitable concentrations of NaCl to make a final concentration of 1.0, 2.0, or 3.5 M. The protein concentration of the diluted enzyme was 5 mg/ml. After different periods of time, inactivation in 1.0 and 2.0 M NaCl was stopped by adding enough 5 M NaCl to make a final NaCl concentration of 3.5 M. The residual activity was measured immediately.
Even though the enzyme was most stable at 0 C (see below), it was inactivated very quickly at this temperature at low NaCl concentrations. The half-life of enzyme activity was 6.5 hr in 3.5 M NaCl, 45 sec in 2 M NaCl, and only about 15 sec in 1 M NaCl (Fig. 1) .
The effects of preincubating the enzyme at different temperatures and at two different salt concentrations, followed by assay at 30 C and 3.5 M NaCl, are shown in the Arrhenius plot of tures. Times of incubation were 3.5 hr for extracts in 3.5 m NaCI and 5 min for extracts in 2.0 M NaCI. Reaction mixtures contained 2.5 mg of protein per ml. Solid line, 3 .5M NaCI; broken line, 2.0M NaCI.
was most stable at 0 C and less stable if the temperature was either raised or lowered. Cold lability, that is, inactivation at temperatures below 0 C, was greater in 2 M than in 3.5 M NaCl.
The presence of substrates greatly influenced the stability of the enzyme. After 5 min of exposure of a crude extract to 2 M NaCl at 30 C, only 16% of the original activity remained in the absence of substrate. In the presence of 0.02 M carbamyl phosphate, 94% remained. Aspartate (0.1 M) did not protect the enzyme as well (38% residual activity), and the two substrates together caused no more protection (86% residual activity) than carbamyl phosphate alone. CTP (5 x 10-4 M) did not protect the enzyme 3.5 M (10% residual activity). Effect of low salt concentrations on feedback inhibition. It was previously shown (9) that both activity and inhibition by CTP decreased in lowered salt concentrations. The, effects of exposure at 0 C to low concentrations of NaCl followed by addition of NaCl to make a final concentration of 3.5 M have now been ._____ studied. During exposure to 1 M NaCl, catalytic D4 aun 12 activity of the enzyme fell before feedback inhibition (Fig. 3) . Such results were also im H. cutiru-obtained in 2 M NaCl and in samples of enzyme t at 0 C. The exposed for long periods to 3.5 M NaCl.
protein per ml Effects of sulhydryl reagents on activity and retroinhibition. The ATCase of Escherichia coli is dissociated into catalytic and regulatory subunits by p-hydroxymercurybenzoate, which reacts with sulfhydryl groups (2). This compound is not soluble in buffers containing 3.5 M NaCl, but the effects of other sulfhydryl reagents, iodoacetic acid and HgCl2, on activity and feedback inhibition of the H. cutirubrum ATCase were examined. lodoacetic acid (10-3 M) had no effect on either process; however, HgCl2 affected both (Fig. 4) . As the HgCl2 concentration was increased, activity was lowered to a greater extent than was inhibition, but the highest concentration of HgCl2 caused complete loss of feedback inhibition although some activity remained.
Kinetic studies: substrate saturation curves. Saturation curves were determined for phosphate). Figure 5 shows the effect of varying carbamyl phosphate concentration on ATCase activity. Rearrangement of these results in a Lineweaver-Burk plot showed that the Km for carbamyl phosphate was 0.0027 M in 3.5 M NaCl and 0.0071 M in 2.0 M NaCl. The saturation curves were always hyperbolic, whether or not CTP was present. With aspartic acid, two types of saturation curves were observed: sigmoidal curves were found when extracts were studied immediately after preparation (Fig. 6 ), but hyperbolic curves were obtained with extracts that were stored more than 1 to 2 hr after disintegration of the cells (Fig. 7) . In the hyperbolic curves, the Km was 0.01 to 0.015 M in 3.5 M NaCl (Fig. 7) . The presence of CTP (10-' M) decreased the Vmax but did not change the Km, as was the case with the yeast enzyme (4); this is thus a V-type enzyme (12) . A Hill plot of the data in Fig. 6 (4) . In 2.0 M salt the activation energy was 27.0 VOL. 113, 1973 ATCase OF H. CUTIRUBRUM kcal; however, in the presence of 10-3 CTP it decreased to 17.8 kcal, a figure closely comparable to the 18.3 kcal obtained in the presence of 3.5 M salt and 10-3 M CTP. At both salt concentrations, the sensitivity of the enzyme to feedback inhibition diminished with increasing temperature, as has been found for the yeast enzyme (4, 5) .
At the low salt concentration, deviations from the Arrhenius equation were marked, both with and without CTP. The linear portion in the CTP curve permitted the calculation of an activation energy of 18 kcal per mole, approximately the same as with the higher salt concentration. In the absence of CTP, there was a levelling off of activity at temperatures of 30 C or higher, at both salt concentrations.
Molecular weight of ATCase and dissociation of the enzyme by PEG. Some difficulty was encountered in interpreting molecular weight determinations by column chromatography in the presence of high salt concentration. Some of the standards used produced more than one peak under these conditions of chromatography. We consider that these represent intact and dissociated forms of the different proteins. Making this assumption, a curve was constructed (Fig. 9) relating Ka, and molecular weight. Only one value for bovine serum albumin appeared, corresponding to a molecular weight of 135,000, that is to a dimerization of the usual form. We understand (W. G. Martin, personal communication) that commercial bovine serum albumin is often dimerized after storage. Sedimentation studies carried out in a Spinco Model E analytical ultracentrifuge of this protein in 3.5 M NaCl showed only one peak.
When the molecular weight of ATCase in untreated crude extracts was estimated by gel chromatography using the curve in Fig. 9 , a Ka, on October 11, 2017 by guest http://jb.asm.org/ Downloaded from of 0.57 was obtained, corresponding to a molecular weight of 160,000. If the enzyme was precipitated with PEG and redissolved in buffer before being passed over the agarose column, the Ka. increased to 1.75, corresponding to a molecular weight of about 34,000. Unlike the ATCase of the crude extract or of the active peak obtained after passing this extract over a column, 10-3 M CTP caused no significant inhibition of the PEG-treated enzyme. However, if 0.1 M aspartate or 10-3 M carbamyl phosphate were present during precipitation of the enzyme with PEG, the Kav remained 0.57 and the active peak had a feedback inhibition comparable to that of the crude extract. Thus, PEG treatment dissociated the enzyme into four (or less) catalytic subunits, with an accompanying loss of feedback inhibition, but the presence of either substrate of the enzyme prevented both dissociation and loss of this inhibition.
DISCUSSION
Detailed study of the ATCase of H. cutirubrum is limited by its instability in salt concentrations below that in which it has maximal activity (3.5 M). With a half-life of 45 sec at 0 C in 2.0 M NaCl, in the absence of substrate, it is considerably less stable than the menadione reductase or threonine deaminase of this organism (7, 8) . The presence of substrates, especially of carbamyl phosphate, stabilizes the enzyme enough to permit some studies of its kinetic properties at the lower salt concentration. Even in 3.5 M NaCl, the plot of velocity against aspartate concentration shows a change from sigmoidal to hyperbolic kinetics after a few hours of storage in the cold, suggesting that subunit interaction diminishes during storage.
One would expect changes in salt concentration to cause conformational changes in these enzymes. This is reflected in changes in kinetic properties and in activation energies. The energy of activation in 2.0 M NaCl (27.0 kcal) was approximately double that in 3.5 M NaCl (13.3 kcal). CTP increased the activation energy in 3.5 M salt, but decreased it in 2.0 M salt to the same value as that found in the enzyme in the higher salt concentration without CTP. In fact, enzyme activity in the presence of CTP in a wide range of temperatures is quite similar at both salt concentrations (compare Fig. 8a and  b) , though in the absence of CTP it is quite different. These results suggest that the conformational change caused by the feedback inhibitor, CTP, to some extent reverses that caused by lowering the salt concentration.
In any salt concentration, the ATCase was most stable at 0 C and was inactivated more rapidly at either higher or lower temperatures. This phenomenon of cold lability, thought to be caused by breaking of hydrophobic bonds, is characteristic of a number of enzymes of extremely halophilic bacteria (7, 8 ; J. Lanyi, personal communication). In our experiments, cold lability was greater in 2 M than in 3.5 M NaCl. If, as seems possible, one major effect of NaCl in such enzymes is the promotion of hydrophobic bond formation (7), these results suggest that the lower salt concentration offers less protection against the disruptive effect of low temperatures.
Experimental separation of catalytic and regulatory functions of ATCase has been accomplished for the enzymes from yeast and E. coli by heat or by sulfhydryl-binding reagents (2, 3, 5) . Such treatments produced active enzymes which were no longer inhibited by CTP or UTP. Most experiments with the ATCase of H. cutirubrum produced less clearcut results, since treatments causing some loss of activity generally caused loss of sensitivity to CTP as well. An exception was treatment of the ATCase with PEG in the presence of 3.5 M NaCl, which caused dissociation of the enzyme into highly active subunits lacking sensitivity to feedback inhibition. The data from column chromatography suggest that these catalytic subunits have a molecular weight of 34,000. Since the native enzyme had a molecular weight of 160,000, it might contain, at most, four catalytic subunits; at present, we have no evidence as to whether there are separate regulatory subunits. An aggregate of subunits does seem to be required for feedback inhibition in H. cutirubrum ATCase as it is for enzymes of nonhalophilic microorganisms.
The latter enzymes may be readily disaggregated by low concentrations of salt, and lose their feedback inhibition (9) . If we consider the possibility that extremely halophilic bacteria arose from mesophilic ones that were forced to adapt to high salt concentrations, the latter must have been faced with a choice. They could have used entirely different methods of controlling the activity of their biosynthetic enzymes, methods not dependent on aggregation of protein subunits or perhaps not involving feedback inhibition. Or, they could have used the same mechanisms of aggregation and inhibition as other cells, but making use of proteins of novel properties, that aggregate and VOL. 113, 1973 become sensitive to regulatory control in high salt concentrations. That they have chosen the latter, conservative, alternative suggests that cells cannot very well do without the controls embodied in the subunit architecture of proteins.
